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ABSTRACT

Gold, platinum and gold-on-platinum films, 1000—30002 thick, were ther-
mally evaporated onto glass microscope slides and given various heat treat-
ments at about 300°C. The room temperature electrical resistivity and

spectral reflectivity were observed during the course of the heat treat-

ments. Platinum films show a large decrease in resistivity and a concom-
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itant increase in reflectivity, which are associated with an amorphous to

crystalline phase transformation having an activation energy of 10,000

cal/mole for the initial stages. This transformation appears to be oxygen-
- assisted, Preliminary data indicate a diffusion coefficient for Pt in Au

that is near to that of volume diffusion.




I. Introduction

e

Thin, metallic films are used extensively in integrated circuits for elec-
trodeg, for interconnection paths, and for beam leads. In many cases aluminum-
is successfully used., In other cases, however, aluminum presentsAdifficulties
(e.g. electromigration at high current densities), and recourse must be made
to multilayers of different metals in order to meet a complex set of require-
ments., these requirements include the following:

1. good adherence to the substrate (usually SiOz)

2, Vhigh electrical conductivity,
3. high reliability after variou; processing steps, and

4, compatability with microcircuit manufacturing techniques includ-
ing photoresist and etching procedures,

Certain multilayer metal systems have been identified as promising candidates

. , 1-4 1
to satisfy the above requirements, - However, multilayer conductors are sus-

‘ceptible to interdiffusion, which may lead to device deterioration and failure,

In particular, interdiffusion.cén'fesult in loss of film adhesion to substrate

and in a decreased conductivity; these in turn can result in overheating and
eventual circuit failure,
In many thin films, diffusion proceeds much more rapidly than in the corre-

sponding bulk material, This is presumaﬁly due to the larger proportion of

. defects (vacancies, grain boundaries, etc.) in the films., In other cases,

diffusion is similar to bulk, Hende,‘film structure (and film deposition tech-

nique) influences the diffusion and ultimately, the device reliability. It is

therefore useful to investigate the interdiffusion of thin film metal couples.

Rather than employ a "model" or 1abqrato?y'couplg, we have elécted to-Study_a'

practical couple, Au-Pt, because of its present,, and potentially large, use in
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beam leads and because it appears to meet the requivements listed above. The
-Au-Pt system also has metallurgical” characteristics not possessed by those thin
film couples in which diffusion has already been reported in the literature:
. the Au-Pt phase diagram5 has a large solid solution miscibility gap and no com-
pounds.  With respect to diffusion, one ﬁight anticipate the behaviour of such
a system at moderaté temperatures (200-400°C) to be similar to any two-phase
alloy with similar terminal solid solubilities, even though such a two-phase
alioy may occur through a eutectlc or eutectoid reaction rather than a misci-
bility gap. However, it is necessary to verify the behaviour of the Au;ft
qouplé experimentally since many subtle factors interact unpredictably,

" The pﬁrpose of this program is, therefore, to inveétigaté the interdiffﬁ—
sion of Au-Pt films.

The principal observational parémeter is spectral reflectivity, Experi-
mental samples are fabricated'by'vacpum deposition of‘a Pt film onto a glass
sﬁbstfate\(microscope slidé or oxidized silicon wafer) féllowéd by deposition‘
of a ‘Au film,

| In our previous work, two unéxpected effects prevented ciear—cut analysis
of-fhe diffusion data, The first effect was'a loss of adhesion during the
: diéquidn-heat t?eatﬁent.‘_The second effect wés an increase in reflgctivity,
and in elecérical conduciivigy,'of the Pt films ié the~éariy.s£ageé of the
heét treatmeﬁfs; this effegg seems £o be feiated to a structural change of the
filﬁ; and is not related to interdiffusion since it occufg in Pt films alone.

‘This report summarize$S experiments relating to the changes in the Pt films,
“and to diffusion in Au/Pt film couples.
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IT. Apparatus

— »

A metallurgical microscope was adapted for the reflectivity measurements.
The light source is a one kilowattvtungsten—iodide lamp that illuminates the
entrance slit of a monochromator, Either a grating (Bausch and Lomb) or a
prism (Perkin-Elmer) monochromator is used.. The monochromatic output enters
the side-illuminator of the microscope. An objective lens is chosen so that
a spot 2 mm, in d&ameter on the specimen is illuminated. This area is large
enough to average out defects such as pinholesg, yet small enoﬁgh to avoid
large—-scale variations such as film wrinkling. The detector is a silicon
solar cell overlapping the eyepiece exit leﬁs and intercepting all the output
light; The detector is shielded frém ambient and stray light. A 1000 ohm
shielded load resistor is blaced across the solar cell, and the voltage devel-
éped across the resistor is read on a Hewlett-Packard 419A DC Null Voltmeter,

An attempt was made to increase the deteéﬁér sensitivity by using a photo-
transistor in place of the silicon solar cell. However, insufficient linear-
ity with light intensity at low values was éncouﬁtered, and the gilicon solar

cell was utilized for all measurements,




ITI. Specimens

The Pt and Au films were depog}ted on 2.54 cm X 7.62 cm glass microscope
glides by successive thermal evaporation in a bell jar at pressures about 2 x
lO_Storr. The evaporations weré made by electron-beam heating from graphite
crucibles during a single pump;down cycle, Substrate temperatures were near
150°C for the first deposit (Pt) and ambient temperature for the second deposit
(Au); After the Pt film was deposited, the substrate was cooled by thermal
conduction to water-cooled posts over an interval of about ten minutes. Ambient
temperatures for the Au were used to minimize diffusion during the specimen
preparation,. |

The microscope-slide substrates were masked during the film depositidns

(the mask position was changed between Pt and Au films) so as to produce an array

~of three sets of three rectangles, each rectangle being 2 cm x 0.7 cm and aligned

with its long side parallel to the long side of the slide. The outer rectangles
of each set of three across the 2.54 cm dimension consisted of Au on Pt couples;
the middle rectangle was split into separate Pt and Au monitor specimens, 1 cm x

0.7 cm. Because of the geometry in the bell jar, the film thicknesses differed

among the sets., The thicknesses were determined with .an interference microscope

after evaporating an Al film over part of the specimens.

- Normally, a shutter was in place between source and substrate prior to the

Pt evaporation. Omission of the shutter has led to erratic behaviour of the

resistivityland reflectivity upon subsequent heat treatment.

For certain resistivity measurements, especially for Pt films, specimens
were made in a zig-zag pattern and Al contact pads were evaporated over the
ends, The'pattern is similar to two rectangular'pulse'" shapes, 10 mm x 4.5 mw,

separated by 4.5um. Thé film length is' therefore, 62,5 mm, and the Film width is

1.5mm, . Three such patterns were deposited simultaneously on a 2.54cm x 7.62cm

microscope slide,




lectrical vesistivities of the Au and Pt films have been

measured as supplementary data to the optical reflectivity. Resistivities of Au/
Pt couples‘were not taken, since the interpretation of such data is difficult in
view of the unknown resistivities of the unknown microstructures existing in the
heat treated Coupleé;

Room temﬁerature resistances were initially measured with a four-point probe;
usually émployed for seﬁiconductorse The probe tips are polished tungsten, and
the tip spacing is 0.025 inch. An advantage of this method is tﬁat electrical
1egds, or contact pads, do‘nét have to be at£ached to the specimen. However, this
technique was abandonéd because of its destrubtive nature (holes weré scraped in
the fii@)-and the need for many measurements over a series of heat treatments.
The foqf~péint probe data indicated the followiné:

]

1. as-deposited films greater than .1000 A thick typically have
resistivities of 3uQ-ci for Au and 150uQ-cm for Pt.

2. Upon heat treatment in air foxr byief p8110LS (10-30 mlnuteq)
at temperatures of 250-400°C, the resistivity of Au films decreased
slightly (about 10%) whereas the re51otlv1ty of Pt films decreased
by a factor of two or more. ' ’

More extensive measurements, ®sing the zig-zag film pattern, were made on

- ° : o ° .. L .
Pt films ranging from 750 A to 3400 A in thickness and with heat treatments up
. to seven hours at temperatures of 150-325°C. - Table T summarizes most of the
resistance data taken on these specimens, Flgu re 1 prescn tg typical resistance-
time semi-log plots made from the heat-treatment data. In all cases, there
dare two distinct regions: an initial rapid decrease in resistance followed by
a second, much slower decrease. These regions were approximated by straight

line functions, and weve characterized by "time constants™ Ty and T, (fivet

oﬁt/T, In

\ . . i
v) according to the eguation R = R




most cases, only a maximum value for 1y could be determined, since (1) the
minimum time period for heat treatment was about 10 minutes (due to thermal

inertia of the specimens), and (2) the initial reaction is substantially over

within 10 minutes (see, for example, specimen 9B in Fig, 1). Figures 2 and 3

are plots of the ¢n 15 and &n 19, respectively, as functions of 1000/T.
Although the poinfs scatter considerably, a least squares treatment of the data

was carried out assuming equations of the type 1 = TOeE/RT

, where E = an acti-
vation energy and R = the gas constant; Both 7; and 1, appear to have nearly
the same activation energy, 10,000 and 8,600 cal/g~atom, respectively. How-
ever, tg] is 1/4 second whereas 1) is 70 seconds. Attempts to reduce the.
scatter and separate fhe-data of Figs, 2 and 3 by film thickness and inifial re-—
éistiyity were unsuccessful., More success was achieved by grouping the data in
three s;ts (A, B and C) corresponding to the positions pf the specimen on the
slide (see Table I). ’Although film thickness decreases from A to C in all ca;es,
the thicknésé>énd resistivity véldes»véry'among specimeﬁs in each position.
Strgctural differences associated with positions A, B and C seem to be more

significant than differences due to thickness or resistivity, perhaps because

of our source-substrate geometry. (The evaporated atoms make incident angles of

<«

8°, 22° and 29° with the normal to the substrate at positions A, B and C,

respectively.) This may be .related to.angle effects such as are reported in

Ref, 6.

With only a feﬁ dé£a’poiﬁfé'qmitted, the slopés of lines drawn'thfough points
of corresponding positions appear to agrée‘with the leést»squares slope’in’Fig.Z.'
(ﬁapé points for specimens 30 and.Bl, Which'were differently prepared ffomkthé
other specimens are not plotted in Fiés. giand 3.) | |

Similér'groﬁpings of data in Fig. 3 do not ali ééem'to follow the least

squares line. B and C specimens tend toward a line giving an activation energy




of about 22,000 cal/g-atom and a value of T
I

Electron microscopy and selected area electron diffraction at 120 kV have

02 about 7 X lOm& second,
shown that the as-deposited fiims are amorphous. After heat treatments such
as above, the films become at least partially crystalline; the diffraction
pattern consists of many sharp rings (some are slightly speckled, indicating
relétively few crystallites of that orientation), and the imagé in the electron
microscope is about 50% amorphous background and 50% grains of a wide size dis-
tribution, with én average size of roughly 20A.

Rate theory, and nucleation and growth theory are being applied to thié
‘ data, as has been done for élloy films,7’8 for Ges, Sn9, and AulO.

wa further observations make thése Pt £ilm, air—annealing; phenomena seen
unusual: (1) reflectivity changes(indicative of resistivity changes) are not
observed on Pt films with a Au overlay, and (2) annealing the films in vacuum
does not produce the marked reéistivity changes. It is, therefore, speculated
that air, and most probably its oxygen component, plays a major role in the
observed rapid structural change at these low temperatures. It should be
noted that: PtQ dissociates at 550°C and is a violet-black material;»some of
the Pt films appeared slightly bluish after prolonged heating at high tempera-

tures; PtO, melts at 450°C; other oxides are known to be relatively unstable,

2

i.e. Pt304 and Pt03. Additional experiments are underway to investigate the

role .0of oxygen,




V. Optical Spectral Reflectance Measurements

Concurrent with the resistancermeasurements, room temperature reflectance
at 6000 A was measured on the zig~zag Pt films after the various heat treatments.
The absolute réflectance at normal{incidepce wasvfdund by reference to an Al
film "standard". Typical curves of reflectance (formalized to time zero) versus
time at the heat treatment temperature are éhown in Figs. 4 and 5. 1In general,
the reflectance changes are similar to the first resistance changes, but do
not follow the second resistance changes. Inasmuch as the reflectance depends
upon "local" properties, whereas tﬁe d.c. resistance depends on both local and
" long-range properties, one is led to the following model. The initial, rapid,
large changes are caused by‘nucleation of a crystalline phase from an amorphous
phasé,‘thus changing the local resisﬁivity of the_material and both the resis-
tance and reflectance. The second, more gradual, decrease in resistance corres-
ponds toAgrowth of the crystallites, thereby eliminating some of the remaining
amorphous material, and/or eliﬁinating grain boundaries, gut leaving the intra-
gra%n resistivity unchanged. In ghis case, the reflectance would bé relatively
insensitive to the second-stage changes in structure.

The initial rates of change of reflectance (obtained as the slope of the
line from the érigin to the first measured data point on normalizea reflectance
versus time plots, such as Figs. 4 and 5) were found for specimens 1, 2, 3, 12,
. and 16, (A,B ‘and C for each)”and are ﬁlotteq in Fig. 6 as a function of re-
.ciprocal absolute temperaturé of ahnealiné. An‘activation energy for these
changes can be deduced from  Fig. 6, and the resulting value of 9600 cal/g-atom
is in very good agreement with the value 10,000 cal/g-atom found from resistance
time-constants %i (Fig. 2). From this standpoint, one might speculate that scat-
_ter in the resistance time-constant data may bé caused by discontinuities in‘the
film, which in turn are due to an intevplay befwéen the crystallization pheno~

. menon and stress-relief in the film.
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As mentioned in the previous section, the large changes in reflectance of
Pt films do not occur when the films are overcoated with Au. This effect is
: : . '
readily observed by measuring the reflectance through the glass substrates,

Figure 7 is a typical example (specimen 1A).

After some understanding of these changeé in the Pt films had been gained, A

attention was redirected to the interdiffusion in Au/Pt film couples., Toward

this end, the spectral reflectance of the Au film on the couples was measured

as a function of heat treatment time and temperature and as a function of
wavelength, Since each slide was heat treated at a single temperature (for vary-
ing timeg),'and since each slide has three specimens of varyiﬁg thicknesses, a
wide range of diffusion éonditions was obtained.

Some of the data arebresented in Fig. 8. The slides 2 and 3 were heat
treated in air at 400°C and 450°C, respectively.Most of the reflectance changes
are linear in log time. These have not yet been analyzed., The lowest data
points, marked with circled crosses and barred crosses, do not show any trends;

these data were from films that had partially lost adherence to the substrate

_(see section VI, this report). It should be stated that slides 4 and 5, heat

treated in air>at‘£OO°C and 425°C, respectively, showed only very slight trends
toward lower normalized reflectance with increased time, in contrast to slides
2-and 3, This behaviour is not understood as yet.

Figure 9vpresents the normalized spectral reflectance versus wavelength of
both Au and Pt films, separately and in diffusion couples, before and after a
3.75 hour heat‘treatment in air at 4500C} These curves are typical of data taken
on many other specimens, The significant observations are:

1. Both Au and Pt monitor films change slightly., (Note that the nor-

malization has eliminated the large change in reflectance of the

Pt film on heat treatment, This was done so that the wavelength
variations of reflectance would be more.apparent.)




2, The Pt film of the couple does not change significantly compared to

the monitor Pt.
-

3. The Au film of the couple changes significantly compared to the
' monitor Au. ’

The third observation above appears to be related to the interdiffusion

process, and is the subject of continuing investigation.

© 10




VI. Adhesion
r .
Even at heat treatment temperatures as low as 100°C, we have noted that
the Au/Pt couples develop mounds. (small spherical protrusions) with correspond-
ing loss of adhesion to the glass substrate. The phenomenon occurs more

. o
readily with the thicker films (> 2000A)., It does not occur on either the Au

or Pt film monitors (deposited on the substrate simultaneously with the couplé).

Investigation of this phenomenon has been temporarily set aside in favour of the

diffusion studies,

11




VII. ,Film Structure

Pt films in the as~deposited and in the heat-treated conditions were
examined by transmission electron microscopy and electron diffraction.

An as-deposited film gave a relatively smooth contrast-free image with
occasional small bumps up fo 60,000X magnification (at’120 kV). The eléctron
diffraction pattern consisted of a few very broad halos, similar to patterns

from amorphous materials,

A heat-treated film (5 hours at 250°C, final resistivity 54 uQ-cm) gave
an image at 60,000X consisting of a matrix (or featureless background) and

small, uniformly distributed, islands resembling crystallites. The islands

| ‘ occupied about 50% of the area, and had a wide range of sizes averaging about
o
20A., The electron diffraction pattern consisted of many well-defined rings

that were somewhat speckled, similar to patterns from polycrystalline materials

that have an insufficient number of randomly oriented grains to yield smooth

¢

rings.

These data further confirm the structural chdnges of the Pt films.

|
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VIIT, Diffusggg

Because of scatter in the data, we have not yet been able to extract reli-

L
able estimates for diffusion coefficients or activation energies. Specimens
on the same slide often do not exhibit regular progressions in reflectances with
.respect to their thicknesses.’ In several cases, it appears that the diffusion
penetration of Pt into Au tends to be more linear than parabolic, i.e. x = ¢t
rather than x ~ t2, |
Froﬁ the normalized spectral reflectance (NR) vs wavelength curves, we
formed a figure of merit, NR = (NR)O.SU - (NR)O.6U‘ This figure of merit is \
useful in characterizing the marked change of the Au-couple curves after certain
heat treatments (see Fig.9). Pt appears ﬁwhiteﬁ because its reflectance is
relatively uniform across the wvisible spectrum (Ofé - 0.7 microns). Tﬁe color
of Au‘is associated with increased absorétion (lower reflectance) at the shorter
wavelengths. A Au-Pt alloy would then be expegted to have a spectral reflectance
4 behaviour between that of Au and Pt (such as éxhibited after heat treatment in
Fig. 9). No data on spectral reflectance vs composition is availéble for the
Au-Pt system, and so we do not know the gomﬁosition of the surface alloy corres-
ponding to the observed reflectances after heat treatmént. Some idea of this
data might be obtained from Reference 11 for the case of Au-Pd, although Au-Pd
does not have the solid solution miscibility gap of the Aﬁ~Pt system,
For relatively small concentrations, variations in concentration do not

have a large effect on the error function, and on the value of the diffusion

coefficient, D, as calculated from simple one-dimensional diffusion theory

assuming: D is a constant, the surface concentration of diffusing
species is held at unity, and the initial concentration is zero in the
bulk. Counsequently, we have assumed that the first, marked, changes in nor-

malized reflectance might corvespond to a surface concentration of 0,10 Pt in

13
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Au, Values of D calculated on this basis are not inconsistent with a mechanism
of Vblume diffusion, Specimen 2B,.by happepétance, has curves of normalized
reflectance vs wavelength (for numerous times of heat treétment) that appear to
depict the diffusion time necessary to just change the "before" to the "after"
(as in Fig. 9). From these data for specimen 2B: thickness of Au = 10902,

time = 19 hours, T = 400°C, one may compute the value 3 x 10"16

em?/ sec for‘D.
Althougb this agrees with the value calculated for volume diffusion from the
data given in Reference 12, such agreeménﬁ must be regarded with some scepti-
cism at the moment,

Marked changes in the spectral reflectanée vs wavelength of the Pt side of
the couples have not Eeep<observed. This meang-either that fhe value of D is

much less for Au in Pt than for Pt in Au, or that the spectral reflectance is

relatively insensitive to composition for Au-Pt alloys rich in Pt.

14




IX, Future Work
- A

Additional experiments will be conducted to determine the role played by
0y (or N2) in the structural changes that occur in platinﬁm films upon heat
treatment at relatively low temperatures.

Further work will be carried out to determine the diffusion constants and
activation energy assoclated with the interdiffusion between Au and Pt in
thin film couples.,

If time permits,van investigation will be made concerning the mechanisms

involved in the loss of adhesion to the substrate of Au/Pt couples relative

to the good adhesion of the separate metal films.

15
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TABLE I

Summary of Resistance Data

Specimen Thickness (Z) 11 _(hrs) 12 (hrs) T (°C) pi (uf-cm)
9 A 1880 V 0.90 38 250 117
B 1350 0.3 47 250 130
c 1050 0.50 - 19 250 224
11 A 3330 2.3 40 300 196
B 2800 1.5 25 300 292
C 1020 1.2 27 300 282
12 A 3400 0.24 26 325 107
B 2600 0.24 66 325 134
- C 1450 0.16 _— 325 174
16 A 1900 0.17 10 275 ' 220
B 1660 0.14 40 275 362
C 750 0.13 53 275 464
27 A 2100 7.4 150 235 138
B 1500 4.3 330 235 220
C 1050 3.1 360 235 460
28 A 3100 5.1 —_— 265 260
B 1900 2.4 67 265 314
c 1400 1.1 100 265 748
%30 A 2530 0.65 — 250 216
B 2000 0.70 560 250 322
C 1400 0.90 105 250 560
431 A 2900 1.9 37 250 248
B 2260 1.4 _— 250 396

c ~ 850 1.3

834 250 418

* deposition at 300°C + 20min. at 300°C after deposition (in situ)

+ deposition at ambient temperatures
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Au film on Pt film.
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Specimen 3B,

450°C.



